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MCATION-RICH" OXIDES [*], [1]. THE CRYSTAL /239
STRUCTURE OF Li,In0, [2], [3].

Frank Stewner and Rudolf Hoppe

ABSTRACT. Li31n03 crystallizes trigonal, P3cl, with a =
= 9.6064, c = 10.42O A, c/a = 1.0647, Z = 12 and Inl in 2(a),
In2: 4(d), In3: 6(f), and 01, 02, 03, L11, L12, L13 each in
12(g). According to Li[4] [6] Eﬁ Li_InO, is a

) 2 2/3 /3 2’ 3773
"stuffed derivative'" of a layer structure of the CdJ type.

Calculations of the MADELUNG Part of Lattice Energy (MAPLE)
assure the localization of Li by x-ray work and explain why

In2, Ol’ 02 and 03 depart from "ideal" poésitions.

The system LiZO/InZO3 has already been widely studied. LiInO3 is well
known, a trigonal order variant (a-LiFeOZ-type) of the NaCl structure. According
to studies on powder samples [5,6], there exist in the partial system LiInOZ/LiZO
at least two further phases whose composition is still unknown. One of these

was viewed as LiInO3 [7].

An explanation of the apparently complicated relationship appear to be
possible only by means of monocrystal investigations. By appropriate experiments
we obtained monocrystals of Li31n03, L1311n11032, as well as a third phase whose /240
3 3 1" 1"
composition is L17In308 .
These represent ''cation-rich' oxides, i.e. representatives of a group of

compounds about which we are still insufficiently informed.
We can differentiate three classes of ternary oxides, Ax’ By’ Oz’ according

to whether
a) none, b) only one or c) each of the partners A and B is a metal. There
are at times present three subclasses, since there can be

@) X +y<z,B)x+¥ =2z ,o0ry)X+y?>z,



Oxides which correspond to the combination (c,y) we call '"cation-rich'" oxides

(of the metals).

Ternary oxides of this type were only recently investigated more closely.
Only in exceptional cases do we know about their crystal structure through
monocrystal studies [L18Tb06 (8], NazHgO2 [91, Na22n203 [10], K22n02 [11]. 1t
is desirable to differentiate two groups for the ''cation-rich oxides" of the

alkali metals:

1 ,
In the first case the partner B is monovalent or divalent [B : KCuO [12],
11
KAgO [13], CsAuO [14], KT10 [15]; B : compare above]. Then all occurring

phases are ''cation-rich'.

In the second case, B is trivalent or of higher valency. "Cation-rich"

oxides may occur here (example: the sodium Li20/A1203 with LiA1508 [16], LiAlO

[17], LiSAlo4 [18,19]; analogous: LiZO/GaZO3 [19]), but there still apparently

2

exist systems in which such phases are not formed in the usual pressure—temper-

LiZO/YZOS [271).

ature range ;L120/Sc203;

I. Preparation of Li31n03

Amounts of 'active! In203 (from Inz(C204)3 * 6 HZO from In metal 99,99%,
by thermal decomposition under vacuum) and LiQO (from LiOH, purest Merck) give
LiSIn'O3 as a colorless powder after beating (700°C, dry O2 gas, 4 hrs.).
Guinier exposures of such samples show the reflex origin of LiInO3 when a
sample is first adjusted to Li:In > 3:1.

Relatively large monocrystals [4 ~ 0.3 mm] are obtained from these powder
samples when they are heated for long periods in a closed system (900-1100°C,
30 days) [9]. The crystals show six-cornered base line surfaces of trigonal
appearance. The identity of the powder and monocrystal was established by the
good agreement between Io and IC with the parameters from the intensity calcu-
lation carried out from the monocrystal investigation for the Guinier data,

Table 1.

Li31n03 is colorless and practically stable against atmospheric moisture;

even water decomposes it only slowly.
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TABLE 1.

INTENSITY CALCULATIONS FOR

"GUINIER REFLEXES" (Cu- KOL)
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II. Measurements of the Elementary Cell, Space Groups

Revolving crystal, Weissenberg and precession exposures were prepared from

an oval polished crystal. They show that Li31n0 crystallizes trigonally. The

3
lattice constants (Cu—Ka -radiation, A = 1.54051 &) are
1

a = 9.6064 A, ¢ = 10,420 A, c/a = 1,0647. (Guinier exposure)

There are 12 formula units per elementary cell. LisInO3 (mol. vol. = 41.80

cms) is formed from the binary oxides without change in volume (sum of the mol.
vol. from LiZO and InZO3 corresponds to Li31n03: 41.82 cms). The unusually
good agreement shows that the coordination ratios do not change appreciably

during the formation of Li31n03 from Li20 and In20

The cancellations ((h 0.1) only with 1 = 2n) are characteristic for the

3

space groups
No. 158: chl—CgV (acentric) and No. 156: chl—ng (centric).

ITII. Clarification of Structure

The reflexes (h k.1) with k = 0—6 and 1 = 0—2 as well as (h h.l) were
measured photometrically (integrated Weissenberg exposure, MoKa radiation,
Zeiss high-speed photometer). Intensities of weaker reflexes were evaluated
visuially. The centric space group P3cl was accepted for the interpretation
of the Patterson projections after (00.1), (01.0), and (11.0). The projection
after (00.1) yielded with the interpretation temporary parameters x and y, the
two other projections z parameter for In3+ and 02— as well as indications of the
Li positions from the Li—In Pik. Table 2 reproduces the parameters thus ob-

tained.

A. Parameter Refinement By Least Squares Calculation

The free parameters of In34, 02_, and Li* were refined with 1544 reflexes

(h k.1) with k = 0—6; they are highlighted in Table 2. 106 other reflexes, for

which the error caused by secondary extinction was too great, were not consider-
ed. The refinement ended with the parameter values given in Table 3. For this
R = 0.107 (h 0.1), 0.117 (k 1.1), 0.11O (h 2.1), 0.084 (h 3.1), 0.094 (h 4.1),
0.090 (h 5.1), 0.079 (h 6.1), resp. for 1544 reflexes, total R = 0.098. The



observed and calculated structure factors are compared in Table 4. (the

eliminated reflexes are provided with a *)

TABLE 2. POINT POSITIONS AND "IDEAL'" PARAMETERS
OF Li,InO, AFTER THE INTERPRETATION OF PATTERSON PROJECTIONS

3773

' ! Ll Paramncter

t

' Atom l?oint pomtionl x v .

| Iny - 2(a) 0 0 1/4
Ing 4(d) 1/3 2/3 o
Ing 6 (f) 1/3 0 1/4
0, 12 (0 19 2/9 /8
0y -12(g) 4/9 8/9 /8
0, 12 (1) /9 5/0 1/8
Ly 12¢8) 1/9 2/0 316
Lt 12(g) 4/9 8/9 7/16
i, 12 (g) e 5/9 16

TABLE 3. PARTICLE PARAMETERS
(Standard deviation in parantheses)

1 v [ & [
m |0 . 0 0,25 1,27 (4)
In, | 0,33333 0,66607 0,2683 (1) | 0.2t (1)
In, | 03332(2) |0 0,25 0,18 ()
0, 0.006 (2) | 0,218 (1) | 0,1267 (N | 04 (D
0, 0,430 (3) | 0,570 (2 | 0,1350 (0 | 0.9 (1
0, 0,569 (2) | 0,656 (1) | 0,250 (8) | 05 (1)
L, | 0131 (5 ] o220 ) |03t ] 1.2 )
1, | 0431 () [ 0911 (5) [ 0,443 3| 28 (B
Ti, | 0,800 (5) | 0,552 (5) | 0,436 (3) | 1.2 (B

B. The Position of the Li+ Particles

The position of Li* was determined by least square'calculations (compare
above) and also by a Difference Fourier Synthesis FO—FC for (InOS), which dis-
tinguishes Li" by Piks at z = 1/4 subject to termination effects. Table 5

gives a comparison of the parameters determined in this way.

The arrangement of 02— for LiSInO3 practically corresponds to an hexagonal
close-packed structure (see below). Since for each elémentary cell, 12 Inz+
occupy 1/3 of the total 36 octohedra spaces, there are 3 possibilities of in-
serting 36 Li* in the available spaces (under consideration of point positions
at chl):

1. Occupation of 24 octohedra and 12 tetrahedra spaces



2. Occupation of 12 octohedra and 24 tetrahedra spaces, or

3. Occupation of 36 tetrahedra spaces.

For 1. and 2. the simultaneous occupation of octohedra and tetrahedra
spaces leads to Li—Li- and Li—In-distances which are much too short (1.96 A).
At the same time the distance Li—0 for Li® in octohedron spaces is clearly too

great (2.28 A against the expected 2.14 A).

Inasmuch as there are a total of 72 tetrahedron spaces per elementary cell,
whose center of mass is at times marked by the occupation of the point position
12 (g), there are 6 compositions independent of each other for each 12 related
""tetrahedron spaces' indicated in the following with the number 1-6. (compare
Table 6). When one considers the distances Li—) and Li-Li, or Li—In, resp.
as they are given in Table 7, then it follows that only the tetrahedron spaces
2, 4, and 6 of Table 6 should be occupied; this also corresponds to x-ray

results in Table 5.

IV. Description of the LiSInO3 Structure

There is a "filled'" layer structure of CdI, basic type, where the basic

2

2_ 1L " 3
structure, analogous to CdIZ, (A In2/3 E&/S« 02) becomes ''filled" by ocSupylng
all tetrahedra spaces of the shell unoccupied intermediate layers with Li ,

corresponding to Li, L Ing g EH/S . 0, = Li;In0,.

The occupation of the octohedra spaces (In3+) and the tetrahedra spaces
(Lii) alternately in layers parallel to the hexagonal base of the close-packed

structure (Figure 1) is characteristic.

If the positions of In3+ and 02_ correspond to the ideal positions of the
hexagonal close-packed structure, then a subcell would develop of the true

glementary cell with 2. b = 1/-»3 '-aobs (Z = 4L131n03). Compare Figure 2.



TABLE 4. OBSERVED STRUCTURE AMPLITUDES F /244

0
AND CALCULATED STRUCTURE AMPLITUDES F
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(continued)



TABLE 4. OBSERVED STRUCTURE AMPLITUDES F /245

0
AND CALCULATED STRUCTURE AMPLITUDES Fc (continued)
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TABLE 4. OBSERVED STRUCTURE AMPLITUDES F /246

AND CALCULATED STRUCTURE AMPLITUDES Fc {continued)
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0 2 894.03430c 3 3 22 47 47 12 310 123-118 .3 4 & 8L 70 J 412 t4 ey
D 3 o2 267 «6030 1332 69 91 12 3e16 119 -11? g & #4842 =60 .y 4-56 72 =77 |
% 3 @ [} =3 8 3 =4 80. =47 9.J 18 63 59 14 9 382 «472 6 4 1t 22 -7
3 2 42 27 63 4 7] 13 83 18 63 $7 44 =5 143 380 6 4-30 M) 45
i JoB B =36 2332 71 082 o4 § 26 98 97 34 0 6 o6 4418 (7 -0y
=43 4 43 62 ‘2 3=42 48 48 10 Y-14 9y oAD 24 4 55 87 74 9 90 v
o3 3 4 04 58 9340 2?2 -72 o320 63 98 248 49 37 749 L7 &0
23 6 -3 9 3=38 31 48 @ $=20 06 0% 66 & 09 77 6 4 =0 52 42
08 4 343 4220 03 0 163 199 1 3-20 66 62 s4 2 8 7 9442 47 =4y
6 3 =4 275 3380 33 32 09 124 6318 89 =78 34 -2 33 22 8 4-42 G0 72
293 2 0 =28 93 170 191 6 3-30 51 -ab °2 ¢ 7 143 343 2 4-3¢ 79 28
2 3.2 3¢ 40 90 3 w2 218 °253 15 3 6 328 122 14 6 41 56 «2 6413 78 &
33 & 45 <47 73 8 9% =49 9 318 80 70 L 46 34 =40 4413 91 L8
83 o0 4% 8% 738 35 47 o =16 68 3B 3¢ 4 486 33 g4 6 39 33
833 0 3067 85% 03 8 44 =37 12 312 80 7 3 4 =4 36 =46 104 0 44 29
23 4 33 a2 03 -8 47 49 12 $~12 8y 77 4.4 3 159 -152 104 1 86 7B
D3 e4 83 =45 6 3 10 194 =203 13 3 2 137 ~141 44 2 95 13 16 6 =3 %6 94
‘Y3 2 233 »3540 6 3-40 314 =124 15 3 -2 120 =114 24 o0 53 49 104 2 40 ~27
e 3 0 68 <81 03 &4 205 218 7 3=18 49 ~4? 24 «6 81 ot 48 4 «2 40 <33
«{ 3 <0 688 &0 9 3 =4 214 236 15 3 4 340 132 14 2 1850 142 164 3 %6 82
93 6 209 =610 4 3-12 o7 69 15 § -4 129 129 14 7 133 130 10 4 =3 103 -98
9 3 o6 154 2130 °1 3 314 88 =94 13 3 & 103 -102 44 3 164 139 3 4 14 83 <78
13 6 79 78 63 14 159 <176 13 3 -8 127 =127 «1 4 0 64 ~59 361413 B2 )
130 96 ~60 6 3-14 124 =119 10 S=g6 851 4% et & .5 73 84 1 4-1% 71 <03
43 9 -0 -6 63y 6 52 83 8 3 18 56 ~49 ¢4 & 37 90 6412 70 &8
33 4 176 2360 03«8 37 42 3320 49 93 34 0 02 =68 74148 % 97
43 2 28 22 1314 33 42 163 6 6 =11 345 49 47 7 4-31 83 =83
q 3 2 0 -7 1 3-14 78 .77 12 3 14 01 =74 34 0 6 «10 10 4 5 102 -3¢0 | gy
23 6 63 -89 103 0 8 ~1) 12 $-14 By 72 94 2 40 28 10 ¢ <3 9, . 89 —
23«8 45 4B 93 0 214 =223 63 22 71 -84 8 4 «2 8 -9 94 0 43 3¢ |
43 4 62 e46 93 a6 142 °184 6320 79 67 °2 4 9 111 =126 8 4-10 82 -%¢ —_
4 3«4 34 38 9 312 71 74 6 3-20 62 31 44 9 112 ~116 ~1 4-16 &) 71 ')
»13 8 69 8% 73410 383 & 153 8 03 02 26 8 69 w81 0416 &3 71
4 3 =0 32 37 7 310 66 <97 15 3 -8 106 97 26«8 81 61 5 4-14 78 ~74 =2
23 @ 0 =13 2314 18 N7 9 318 83 -4t 44 6 29 <34 104 7 8% o1 o
63 0 186 2710 33 14 112 =107 9 3-18 76 .87 54 4 351 <42 10 6«7 79 <74 | o~
@3 -8 175 236¢ 4312 158 160 7 3-20 a7 48 8 4.4 2v 32 2 4-26 €3 719
33 0 20p «304s 0 3-12 1%2 132 13 3 10 94 .98 16 9 125 «123 4 4135 79 b6 o=
23 2 6 -8 93 0 1950 158 15 3-10 79 77 14 9 108 127 -2 437 72 =2% (=9
93 e2 e 20 03 =3 142 149 16 $-18 93 ~-48 6 4 8 ~12 9 4 10 49, -44 [RT]
43 0 ‘62 °39 G346 53 -33 12 3 16 83 7% “1 418 52 53 3436 €3 78 o=
- 3430 71 8 4 314 76 ~75 12 3-16 @7 78 -1 4-10 92 =98 7413 81 <
53 4 46 41 113 © 6 ~-18 15 3 12 86 84 34 8 78 7?7 7 4-13 8BS 05
8§ «d 43 39 7312 42 =49 15 $-12 80 79 34.8 88 =01 6 4 14 65 <59
23 0 723 @& 7 3-12 Y8 49 6 3-22 68 ~-54 .64 2 6 -15 8 4-12 65 8 O
29 8 62«83 1 316 72 74 9 3-20 6% 37 642 31 25 1417 71 -1 =
49 6 97 a7 63136 93 04 183 0 %2 96 44 7 3129 132 1 4247 79 g2
43 -6 606 =50 8 3-16 78 73 7 3=22 8) 43 34 & 56 51 104 9 73 =70
83 0 199 2490 3314 2 -7 183 2 067 =90 8 4 .6 54 <53 1049 71 7%
63 2 239 -3360 13-16 76 71 18 ) -2 103 -107 64 4 0 24 =1 4310 89 7%
63 <2 190 ~2450¢ 10 3 -0 46 43 12 $ 18 67 93 6 4 -4 55 w4) 8448 73 =5C
33 0 215 2940 9 310 108 =107 12 3~38 65 =-53 «2 411 113 123 5 4-16 64 61
3 316 72 =82 9 3-10 157 -162 183 4 @y 97 26410 65 81 ¢ 412 60 55
-1 §-46 39 53¢ 2346 03 00 183 -4 92 99 2 4-30 80 <79 44147 73 77
33 6 49 5% 6314 904 =95 15 3 14 62 56 74 6 535 53 10 4 11 78 73
g 3«0 56 59 6 3-14 143 ~148 13 3+14 74 ~72 74 1 176 -127 10 4-11 B4 23
© 310 118 »13680 6312 53 36 183 & 92 «90 741 97 %9 2 4-13 7y et
9 3-8 203 «2770  $2 3 © 193 198 18 3§ -6 79 8% 1611 99 108 7415 7 &%
63 4 235 3200 3316 138 13 183 6 5 78 1 4-31 168 120 7 4-15 79 70
B3 -4 284 2780 12 3 U 174 =388 103 -9 62 .79 74 2 33 .52 8 4-14 B4 w52
13140 53 83 12 3 #2 1%8 ~16¢6 15 3~16 53 49 74 -2 &9 =36 13 4 1 82 =T¢
4 340 07 98 123 4 131 133 18 3 16 99 =63 74 3 119 119 13 4 -1 8¢ 81
43 0 67 «61 12 ) 4 3131 134 18 3-310 63 =26 7 4 -3 103 -16¢ 6 4 16 55 5
g3« Y& M 4 3-36 09 78 ~14 0 e -3 64 & I 36 2419 69 3
738 © 6 9 16 3-18 37 -490 =24 2 71 -102 64-6 60 B3 134 3 62 64
73 2 e 35 7 3-14 16 -85 -1 4 2 a4 27 '3 410 67 76 13 4 =3 7y -cs
73 =2 8 -9 93 12 129 123 *1 4 -2 ¢ -36 44 9 109 «121 3418 T4 -4d
2316 61 -86 9 3-12 135 132 64 0 8 -4 3 4-10 55 59 1419 8 67
2 3-18 37 65 123 0 136 =143 “2 47 3 166 192 34 8 %2 «% 1 4-19 65 ~7)
03 6 163 «1820 §2 3 «6 146 =34) 84 -2 65 40 ‘54 -8 60 57 134 5 68 (5
83 209 =2940 83416 73 &2 149 73 99 74 a 40 38 13 4 -5 ¢, ea
73 =30 +1 310 39 -62 14 .3 162 -138 746 34 an 94 14 65 =57
73 4 28 8 310 61 33 14 -1 §82 3197 o1 412 37 47 10 & £} Yg 7%
33 91 66 6 3-30 162 =02 “24 4 89 91 ey 4-32 81 91 16 4-13 69 82
93 36 <t6 133 6 6 -16 ~1 4 4 &5 47 9412 a0 93 5 4-18 by eny
33 193 <228 1 3-10 78 -7y a1 4 o4 37 31 74 9% 3110 104 13 4 7 54 75
03 -3 03 g4 04 ~40 14 2 62 7% 7 4 -3 123 123 13 &4 -7 77 71
1 3 04 9% 2318 76 <87 14«2 71 -1060 66 0 64 96 -1 4-20 &2 €2
el I=42 20 <38 6316 69 o9 646 ¢ 03 98 6 4 -8 50 «4p 6420 53 5n
63 ] -5 6 3-16 a7 06 64 -2 50 =48 -2 4 13 93 =106 0 4-16 &4 5
03 @ 26 123 0 144 3139 £ 4 3 160 16 2412 36 -44 74317 %9 =¢¢
q Sy 9¢ 12 3 =8 134 198 14 <3 172 -128 2 4-12 70 74 7 4-17 81 45
q 60 <78 46 3«12 36 93 °2 4 5 108 -182 74 7 % 9% 4449 53 ¢y
2] 106 199 3310 92 -82 24 6 [ ¥ 6 -7 107 =103 6418 69 -%2
g 179 269 9 3 14 119 °348 24 2 4 38 g 4 306 46 48 134 9 72 .9
? 47 as 9 3-34 96 <30 26 <2 0 ~16 9 4-10 2 =00 13 4 <9 75 73
v 82 47 ? 3-36 68 97 14 4 84 76 4411 91 93 2 4 21 859 gt
4] 383 4179 q =40 24 -463 14«4 g7 74 1 413 907 =103 94 186 53 4n
4 8% 308 343 @ 8 <20 =24 6 35 =30 1 6-13 €5 o8 16 4 15 69 84

(continued)



TABLE 4. OBSERVED STRUCTURE AMPLITUDES F /247

0
AND CALCULATED STRUCTURE AMPLITUDES FC (continued)
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TABLE 5. PARAMETERS OF Li PARTICLES

LSQU = Least Squares Calculations
FOUR = Difference Fourier synthesis
TET = Tetrahedron center of mass in InO3 structure.
| | 1squ | wour | xEr
‘| x. 0,134 o1z | . 0125
e R} 0,229 023 0,224
) s 0431 0,444 0438 -
S T T 0,47 0,459
| ¥y | oeu | om 0,800
] s 0448 | 0440 0,443
o | x| osw | oso 0,780
.y 0552 - | 0560 0,650
2 0436 .| 0434 0,437
TABLE 6. TETRAHEDRA CENTER OF MASS IN THE InO3 STRUCTURE
. . - - A
TET O1 02 O3 04 Li Li-O in
1 X 0.213 0.218 -0.096 0.096 "0.1255 1.951
y 0.444 0.096 0.122 0.218 0.2242
z 0.3741 0.3733 0.3733 0.1267 0.3123
2 X 0.213 0.218 -0.096 0.122 0.1252 1'963
y 0.444 0.096 0.122  0.218 0.2237
z 0.3741 0.3733 0.3733 0.6267 0.4334
3 X 0.560 0.556 0.231 0.439 0.4557 1.947
y 1.121 0.769 0.787 0.879 0.8932
z 0.3641 0.3741 0.3741 0.1359 0.3222
4 X 0.560 0.556 0.231 0.440 0.4587 2.024
y 1.121 0.769 0.787 0.879 0.8987
z 0.3641 0.3741 0.3741 0.6359 0.4425
5 X 0.878 0.879 0.561 0.769 0.7826 1.930
y 0.782 0.439 0.440 0.556 0.5642
z 0.3733 0.3641 0.3641 0.1259 0.3108
6 X 0.878 0.879 0.561 0.787 0.7800 1.974
y 0.782 0.439 0.440 0.556 0.5589
z 0.3733 0.3641 0.3461 0.6259 0.4366
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TABLE 7. RELATIONS BETWEEN THE SHORTEST DISTANCES AND
COMPARISON WITH THE IDEAL HEXAGONAL CLOSE-PACKED STRUCTURE
("OKT and TET" respectively = Center of mass of
Octohedra and Tetrahedra, respectively)

~"Distance] | LhInO, Close-packed]
‘_(spacing)[ digtancel{Al |- Relation structure\_
OKT.- 0% 2,21 1 1
TEP - 07~ B K 0,80 0,866
. OKT--OKT 3,30 145 )
TET, - TET, 2,29 1,04 1
TEY, - TET, 1,20 0,50 0,577
OKT--TET, 2,74 1,24 1,190
OKT- TET, 196 | oxo 0,366
—_—> Y

I
3[_?, A
Q o
] )—%
g .
-§ é —= ¢
' > ) o
2 %) Z - Parameler:
4 8 O winis
: B
g O i O e R0 = o Injin
T\ O \:} = > A O Inlin 3/%
I R @ Infn Vi und 3/%
‘ o ® Inlin ~1/4 und = 3/4
) Point position| 4(@) mit z=0.2683)
Qo . (o) 0. in~1/8 und ~ 5/8
O@CwWMMWMamwwmﬂ Li in ~7/76 und ~15/16
°lL°twwwmwmamwwwwﬂ , C)0m~W8md~W8

Liin ~1/16 und ~9/16

Figure 1. Schematic Representation Figure 2. Li31n03 of the Particles
of the Hexagonal Close-packed .
: > According To (00.1) ( the sub-
Structure (of, for example 0 \) cell By Broken Lines)

the available spaces in it.

Inasmuch as 1/3 of the Cd positions of the CdI2 type remain empty, the
structural geometric equivalence of the occupied octahedra spaces becomes lost:
even though each In3+ in the same layer contains three other n>* neighbots
(d = 3.202 A), in the direction (00.1) however, In3+ or In§+ , respectively
has two other In3+ neighbors (d = 5.210 &), but In§+ on the other hand does
_not. Ing+ deviates from the ideal position (z = 1/4 instead of the z = 0.2683

formed), whereby the true cell forms from the subcell.
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Moving out of In, subjects the 02 part to further deviations and leads

to this that the distinces In-0 and Li-O, respectively are somewhat increased
(see Table 8). The merely slight angle distortion of the coordination poly-
hedron around In3+ is covered by the data in Table 9. The average distance
d(Li-0) = 1.99 A agrees completely with the expected value (compare Table 10).
Analogously d(In-0) = 2.21 A is in good agreement with the result for LiInO2

(2.19 A), In, 0., respectively.

V. Calculatdons of the Madelung Parts of the Lattice Energy (MAPLE) on LiSIﬁOSI /253

Since the position parameters of the particles are known for both
modifications of In203 by newer determinations, it seemed attractive to compare

the MAPLE values of the binary oxides with those of the ternary oxides LiInO2

and Li31n03. The relevant values are summarized in Table 11.
The values in Table 11 show: /254
1. As expected the two In203 modifications don't differ very much (30 kcal/
mol.)
2. LiInO3 with AHB = 11.9 kcal/mol. would be unstable to decomposition
into LiZO and InZO3 if MAPLE represented the total lattice energy.

3. In analogous manner Li_ InO, would be unstable to decomposition into

3 3
LiZO and LiInO2 with AH? = +46.7 k/cal mol.

0
These values show that the MAPLE values above do not decide the stability

of the individual phases in the system LiZO_InZOS’ as for example LiSInOS.

This is really understandable. As may be seen from the crystal structures, or

the coordination of 02 , respectively:

a) the induced dipole moment (i.D.M.) of O2 in the cubic In203 is

certainly low [27]; since a tetrahedron is unfolded approximately from 4 In34;

O3 [28], because O2

b) the i.D.M. is somewhat greater in rhombohedral In2
occupies only 4 of the 6 corner positions of a trigonal prisma, whereby partial
compensation takes place;

c) the i.DUM. is by far at its greatest in LiSInOS, because here the
In3+ (out of necessity in cis-position) occupies only 2 of the 6 corner positions

of a trigonal prisme.
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TABLE 8. ALL INTERATOMIC DISTANCES UP TO 4.5 A (Lil’)InOS)'

PARDTNTFR

Li; i, I:i; . In; . In'z Im’ O 03 O,

I | 2:27(2) 3.04 2.23 2.71 4.09 2.76 1.96 3.71 1.96
3.23(2) 3.35 3.05 3.75 3.68 1.97(2) 3.75 3.61
3,95 3.83 3.30 : 3,25, 3.85 3.90
4.25 3.88 4.31 3.75(3) 3.91% 4.50
4.44 4.46 4.44

Li; | 3.04 2.07 | 2.22 - 2,66 2.76 3.63.  2.02(2) 2.03(2)
'3.35 3.35(2) 2.3% . 3.90 3.64 3.72. 3.21 3.55
3.83 4.36 3.08 4.18 3.77. 3.95 3.78
5.88 3.18 3.89 3.82 3.86

4,01 4.50
4.43

Lig | 2.23 2.22 3.25(2) "4.15 2.85% 2.68 1,97 1.98(2) 1.97
3.05 2.34 3.90(2) 3.60 3.74 3.63 3.72 3,24
3.30 3.07 4419 3.85 3.07 3.67
4.34 3.18 . 4445 3.88 3.75

4.01 3,81
4.35 4.35. 3.82
4.43 ]

Ing | 2.71(6) -~ 4.15(6) <= -- 3.20(3) 2.23(6) -~ 3.91(6)
3.75(6) . 4.33(6)

Tne| 4.09(3) 2.66(3) 2.85(3) =~  -- 3:23(3) 4.02(3) 2.24(3) 2.16(3)

3.90(3) 3.60(3). 3.91(3) 4.50(3)
. 4.23(3) . 4.22(3)

15, 2.76(2) 2.76(2) 2:68(3) 3.20 3.21{2) -- 2.18(2) 2.23(2) 2.19(2)
3.68(2) 3.64(2) 3.74(2) 4.00(2) 3.85(2) 3.99(2)
3.10(2) 4.18(2) 4.13(2) 4.39(2) 4.45(2) 4.36(2)

0, | 1.96  3.63 1.97 2.23 4.02 2.18 3.0 3.17 3.03
1.97(2) 3.72.  3.63 4.33 4.00 3.15(2) 3.30 3.19

4.39 3.21(2) 4.40 3.24
3,27 3.37
4.45
. . 4.49

0 | 3.75 2.02(2) 1.98(2) -- 2.2¢ 2,23 3.7 3.06(2) 3.03
3.71 3,214 3.72 3.6 3,85 3.30 3.12 3.12
3,85 3.15 3.87 4,22 4445 4.40 3.48 3.19
3.9 3.82 3,88 3.24
444 4.50 3.31

: 3.36
4.39

0, | 9.96° 2.03(2) 1.97 3.91 2.1% 2,19 3,03 3.03 3.21(2)
3.61 3,55 3.24 4.5 3.99 3.19 3.12 4.39
 3.90 3.78 3.67 4.36 3.24 3.19
4.50 3.86 3.75 3.37 3.24

.81
.82 gigé
4.39




TABLE 9. BOND ANGLES WITHIN THE In06—OGTAHEDRON.
In, In, In,
0- o} B -6‘.‘“". o | oy | “‘.‘V
0-In-0} 00,0 86,1 92,0 .
C 0--In-0} 00,0 80,1 2,1 87,8
: 0»-1!\-—0? 4,7 90,3 8K, 174,2 RG.3
0—In-0° 85,6 87.0 96,3 3,7 1778
0-Tn-07 173,60 172,4 174,2 88,0 03,7
0~ o? o7 0o op |
0--In-09 00,0 02,2 92,2
0--in-09 00,0 92,2 92,1 87.8
O" = Q- below 34
00.1 ]
Q" = Q% above \ from In"" along (00.1)
TABLE 10. Li-O DISTANCES FOR A FEW METALLATES.
- 1
compoundﬂdistancq‘[:\l [ literature |
LiB0, 1,016 —2,007- »0)
Cy-LIAIO, 1,03 — 2,08 B
y-LIAN, 1,048--2,000 12)
Jd:C0, 1,06 --2,00 )
34,0 2,00 )
8-11Ga0, 1,040--2.001 )
a-Li,Gn0, 2,00 5)'?)
11,60, 101 ~2,03 1)
TABLE 11. MAPLE VALUES FOR LiInOz, LiSInos, AND In203 (XCAL/MOL) .
binary| l ternary 4 total
a.
_ binary Y] parts|
L0 Li+ 145,0 163,56 +17,6 +176
* o 542,4 535,0 - 74 - 37
o In*v | 1122,6° 1087,8 —34,7 -347 |
e o~ 529,1 535,0 + 50 + 80
. —11,0
14,1n0, T .
: L : P !
blnary] . te;nary‘ .4 total .
340 it 145,9 157,3° +11,4 +34,2
e or- B42,4 540,4° - 20 - 3,0
o I+ | 1122,5¢ 1015,7¢ —106,8 —106,8
SR I L 520,1 540,4* +11,3 +17,0
~33,6
single MAPLE in Ino3 (kcaf/mol)\ !
- | cubic) |- rhombohedral
m* l 1136,0 1082,4 !
Int 1108,0 1082,4
or- 520,1 b645,4 ;
b 3832,0 3801,0

o average value|
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Undoubtedly it is the ion dipole ‘interacting part of the lattice energy

3

or 3Li20 + In203, respectively.

which stabilizes Li InO3 against decomposition, for example into LiInO2 + LiZO,

More favorable are the calculations with the same compounds of very
similar forms [29]. Such calculations were carried out here in order to A)
determine whether here also the deviations from the ideal axial ratios c/a
and ideal positions would increase the MAPLE value and B) in order to control

the Li positions.

A) MAPLE of LiSInO3 was calculated for the following cases:

(1) Real case: a = 9.6064, c = 10,420 A; c/a = 1.0847; for parameters of
particles see Table 3.

(2) 1Ideal case A: cell volumes equal to (1) with c/a = 4/9 * V/ 6 =
= 1.08866 (Ideal values), i.e. a = 9.5947, ¢ = 10.4454 A and idea
parameters (see Table 2).

(3) 1Ideal case B: Real cell dimensions as for (1), ideal parameters of
particles as for (2).

(4) 1Ideal case C: as for (2), however all Zg = 0.13375 and all 215 =
= 0.4416, whereby all In-O distances are 2.21 A (average value of (1))
and ‘all Li-O distances are 2.007 A,

(5) 1Ideal case D: cell dimensions as for (1); parameters corresponding

to (4), but here zg = 0.13338 and 2 = 0.4412.

The results are summarized in Table 12.
Table 12 shows:

The MAPLE values of corresponding structural models (compare line 2, Table
12) are practically independent of whether one inserts the real lattice conétants
or the calculated values for the same mol volumes and ''ideal' ration c/a =
= 4/9 Y6 = 1.08866 (No. 2/3, or No. 4/5, respectively).

Changing of the models with ideal parameters to those in which furthermore
the "'ideal" position of In the O2 layers are sometimes shifted to the In layers
in the (00.1) direction, on the whole brings only an insignificant improvement

of MAPLE, as shown by the comparison, for example, of 2 with 4,

16



TABLE 12. MAPLE VALUES OF Li31n03 AND FOR DIFFERENT /255
STRUCTURAL MODELS (COMPARE TEXT); IN KCAL/MOL

| MAPLE | 503 - — d° (4]
LiIn0, | Li;In0, 1 In o Ji—-0O | In-0
$)) 3108,7 | 1673 | 10157 | 05404 1,050 2,138
@ 80550 | 1648 057,90 | 534,2 1,058 2,262
3 3054,7 | 1648 057,0 | 531,2 1,954 2,260
) 3050,1 | 1400 | 10121 | 533,3 | 2007 2,210
(5) 3050,2 | 1488 | 10128 | 5333 2,007 2,210

partial MAPLE values

oW ] omE ] omtt T mdt o omi» ] ool | o | oF

- 164,2 1454 | 1622 0048 | 10225 | 1018, 613,2 28,7 510,3

2) 161,0 161,8 164,8 55,4 55,1 960,5 | 5312 531,3 534,2

(3 164,0 164,8 164,8 955,4 55,1 060,5 | 634,2 534,3 531,2

4) 149,0 140,0 140,0 | 10006 | 10003 | 10§48 | 5333 ’ 533,4 533,3

(6) 148,9 148,8 14,8 | 10104 | 10100 | 10155 | 6333 533,4 5%3,3

d@ =- shortest distance)

The change to the real case, for which additionally In2 leaves the ideal
position and corresponding shifts of O and Li set in, btrings = 50 kcal/mol gain

in total value of MAPLE (LiSI'nOB).

Table 12 shows further interesting details. Here it will only be mentioned
that the gain by going from (4) or (5) to (1) is not achieved by MAPLE (In3+),
but by the MAPLE contributions of Li” and 02—; This is all the more noteworthy
in that the average distance Li-O, or In-0, respectively -t (5) correspond to
the average distances for the real case (1). Apparently, the In-In-interactions

are decisive.

B) The question law to arrange most favorably the 36 Li* elementary cell
electrostatically on the existing 72 tetrahedron spaces, could be best answered

by MAPLE calculations.

There are altogether 20 possibilities, 3 éach of the 6 compositions of
each of the 12 common tetrahedron spaces (compare p. 248) to be used for the
formation of LiSInOS. However, simultaneous combinations of the compositions 1259
1/2, or 3/4, or 5/6 should be excluded. Since then Li-Li distances of 1.29 A
would appear. In order to avoid such absurdly short distances, only one of
each of these double groups can be used. There thus still remain 8 possibil-

ities, compare Tdble 13.
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MAPLE CALCULATIONS FOR 8 PARTS POSSIBILITIES

TAB%E 13.
OF 3 Li IN THE InO2 STRUCTURE (FOR NOMENCLATURE, SEE TABLE 6).
i b oqn . o
| 240 | 20 | .20 I 146 | e | oms | 14 LD ::7
wr ! T S .
11, £ 461,2 170,3 177.2 04,0 R T 7T TG S
1, 145,4 105,3 1702 1618 ang | w67 oaer S
Li, S [ A1 186,1 117,4 176,06 TS " ':)rf,.\' {()1’_.:' ! \1 § S
in, 094.8 050,8 964,1 7234 15,1 1 006,0 (AR [1 S
In, 1022,5 875, 005,8 1006,8 8605 | oThes 0 sy Tids ac
1n, 1018, 9:29,6 00,9 028,8 $40,3 g2 el ISR EJ
0, 513,2 612,4 510,0 516,2 5i5,3 Hsz 5620 e &
0, | 587 539,6 535,6 530,09 5118 516,55 | &aT.Y I —
0, 540,3 559,3 550,9 510,7 £50,7 560, | 5613 S S
Li; || 4718 460,7 464,7 422,90 383,0 366,7 355,9 ‘ 240 =
In |- 10157 21,1 017,6 9205 825,09 £23,0 B22,4 TUTS
0, 1621,2 1611,2 1035,5 1626,8 1646,8 1655,6 16111 16612
LiLIn0, | 8108,7 3022,0 3017,0 2070,2 | 2860,7 2515,3 2810,4 2623,

The corresponding MAPLE values were calculated for these and are summarized

in Table 13.

The result is unmistakable: The combination 2/4/6 of the tetrahedron

spaces is on the whole higher by 86 kcal/mol in MAPLE value than the next most

favorable arrangement 2/3/6. This result confirms the x-ray finding.

VI. The Structure Systematology of Cation-Rich Ternary Oxides

LiSInO3 is only a special case of a general series of compounds of the
1 n 27
formula AX + By + O(x + ny)/2'

according to whether the O2 forms a close-packed structure approximately
Li InO3 belongs to the first group.

One can differentiate two cases for these,

or exactly, respectively, or does not.

Three classes are possible here, since 0° can exhibit

a) an hexagondl close-packed structure,

b) a cubic close-packed structure and

c)
Li31n03 belongs to case a).

in relation to the valence n+ of the metal partner according to whether the

a closed-packed interchangeable structure
Table 14 shows how various limiting formulas result

1+
components A” occupy only tetrahedra spaces or also vacant octohedra spaces.
Many arbitrary combinations are possible because of the possibility of only

partially occupying the available spaces in the hexagonal close-packed O

18
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structure. It is important for its understanding that a complete occupation
of all tetrahedra spaces for this 02‘ is not possible, in contradistinction
to the cubic close-packed structure (Example: Li20). The only definitely

known structure of compounds of the type Li8MO6 also belong here: for Li TbO6

[8], all tetrahedra spaces are occupied with Li+, according to Li (Tbl/3 ;/3)

02, the octohedra spaces are theoretically occupied up to 1/3 with TB4,, up to
2/3 with Li*. It was also reported recently about Ligsnoé, etc. [30].

Undoubtedly many of the compounds of type AIBIV06, A B 06’ and AéB 06 first

mostly prepared by Scholder [31] also belong here. See 14A.
TABLE 14. LIMITING FORMULAS WITH MAXIMUM

CATION/OXYGEN RATIOS FOR THE HEXAGONAL CLOSE-PACKED
OXYGEN STRUCTURE

d &)—————-
n [teuahe ron only tetrahedron|
__.___octohedronl____

2 A.BO, A,BO,
s A,BO, A,BO,
4 A.BO, A,BO,
"B AnBO, AsBO,
6 A BO,, ABO.
7 AyBOy, A,BO,

A cubic close-packed structure on the other hand, is present in Li20 and
the structure variants derived from it, as u—LiSGaO4, a-LiSA104, B-LiSGa04,
B—LisAIO4 [19], as well as in Na2Cd02 [32], where all cations necessarily have
to have tetrahedra surroundings, since more cations than anions could otherwise

not be distributed in the cubic close-packed structure. In this connection

mention should be made of Li4GeO4 [26].

VII. Concluding Remarks

It was assumed that of the two possible space groups, the centric is
present. Later we also screened the case of the acentric space group P3cl.

Exclusive calculations [33], which will not be gone into further at this time,

showed the following:
1) A significant R-value improvement of 10.03% after 9.30% was found for

(InOS) according to Hamilton [34]

. | /7




2). However, the discussion of the distances and MAPLE values shows,
according to outr view, that the available I0 information is insufficiently

certain to be able to decide between the two space groups.

We will shortly report about further cation-rich oxides in the system
LiZO/TIZO3 [35].

The computations were carried out at the DRZ, Dormstadt. We used our own

programs as well as those of Professor Zemann, which were modified.
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